Introduction
Conservation programs of threatened natural populations or livestock breeds face common challenges due to the small population sizes involved. In the medium and long term, for both wildlife and domestic species, the maintenance of genetic diversity is one of the main objectives of conservation programs (Frankham et al., 2002) . In a shorter term, another objective is to control the rate at which inbreeding increases to avoid the loss of biological fitness that occurs as a consequence of inbreeding (a phenomenon known as inbreeding depression).
Genetic diversity can be measured through different parameters (see Box 1). Together with the allelic diversity (AD), two of the most common measures of genetic diversity are the observed heterozygosity (OH) and the expected heterozygosity (EH). It is well known that there is a direct relationship between the inbreeding coefficient (F) and OH (i.e., OH = 1 -F) and between the coancestry coefficient (f) and EH (i.e., EH = 1 -f).
Traditionally F and f have been calculated from pedigree information, but given the current availability of dense panels of single-nucleotide polymorphisms (SNPs) in many farm species, genomic coefficients based on those markers are being increasingly used. Genomic information has the advantage that it permits us to know the exact proportion of the genome that is homozygous (F) or that is shared by two individuals (f) while pedigree information only gives expected proportions. The density of SNP panels available varies greatly across species, and it is mostly related to their economic importance (Smouse, 2010) . In any case, the technology development leads to a reduction in the costs of the panels, and therefore, their use in an increasing number of species could be a reality in a relatively short period of time.
Based on the information contained in the SNP panels, different genomic measures of F and f (see Box 1) can be obtained to replace pedigreebased coefficients in the management of conserved populations . Genomic F can be calculated as the proportion of the genome that is homozygous; i.e., the proportion of homozygous SNPs (Keller et al., 2011; McQuillan et al., 2012; Saura et al., 2013; Pryce et al., 2014; Rodrí-guez-Ramilo et al., 2015) . Similarly, genomic f can be calculated based on
The use of genomic information can enhance the efficiency of conservation programs
Implications
• The development of genomic tools allows for more accurate estimates of genetic relationships between animals (genomic coancestry coefficients) than those obtained with pedigree data (pedigree-based coancestry coefficients) and thus permit better management of genetic diversity.
• There are different issues relevant to conservation programs that could benefit from the use of genomic data. These include establishing synthetic ex situ populations, maintaining genetic diversity, preserving original genetic structures, and eliminating exogenous genetic information. The use of dense panels of single-nucleotide polymorphism (SNPs) in strategies proposed to deal with all these issues improves the general performance of conservation programs in both farm and wild animal populations.
the proportion of alleles shared by two individuals (Nejati-Javaremi et al., 1997; Toro et al., 2002; de Cara et al., 2011; Gómez-Romano et al., 2013; Saura et al., 2013; Rodríguez-Ramilo et al., 2015) . It must be noted that these coefficients (F SNP and f SNP ) reflect identity by state (IBS); i.e., the probability of carrying equal alleles but not necessarily coming from a particular ancestor or from a common ancestor. Another measure of genomic F that has been widely used in livestock populations (Ferenčaković et al., 2011; Purfield et al., 2012 , Bjelland et al., 2013 , Ferenčaković et al., 2013 Silió et al., 2013; Scraggs et al., 2014; Saura et al., 2015) is that based on runs of homozigosity (ROH), which are long DNA segments containing consecutive homozygous loci. The ROH-based inbreeding coefficient (F SEG ) is defined as the proportion of the genome that is in ROH. If the runs are long enough, it is likely that the two copies present in an individual have come from a particular ancestor (Gibson et al., 2006) . Therefore, this measure may reflect IBD better than genomic inbreeding calculated on a SNP by SNP basis (i.e., F SNP ). Similarly, an alternative measure of genomic f is that based on shared segments; i.e., regions of consecutive SNPs shared by two individuals (Gusev et al., 2009; Pryce et al., 2012; de Cara et al., 2013a) . A serious drawback of segments based coefficients (F SEG and f SEG ) is that results can vary substantially depending on the criteria used for defining a ROH or a shared segment and these criteria are somehow arbitrary.
There are different issues relevant to conservation programs that could benefit from the use of genomic coefficients of inbreeding and coancestry, and these are reviewed in this paper. In particular, we consider the use of genomic information for creating synthetic ex situ populations, maintaining genetic diversity, preserving original genetic backgrounds, and eliminating exogenous genetic information.
Creating Synthetic Ex Situ Populations
In extreme situations, for example when populations are highly endangered in their natural habitat, the establishment of a synthetic ex situ population obtained by collecting animals from different source populations could be advisable. This synthetic population should be constructed in a way that the highest possible levels of genetic diversity are captured. This can be achieved by optimizing the contributions from each source population (i.e., the number of individuals to be sampled from each population) to the synthetic population (Eding and Meuwissen, 2001; Eding et al., 2002; Toro and Caballero, 2005) such that the global genomic coancestry is minimized.
The information available that can be used for optimizing the establishment of a synthetic population can come at two different levels: at the individual level (e.g., individual phenotypes) or at the source population level (e.g., we may have only available average phenotypes for the different populations). Thus, optimal contributions from each source population can be calculated using i) the global (population) information available and then the specific individuals within populations are sampled at random; or ii) individual information of the candidates (i.e., the specific individuals to be sampled are also optimized). In some situations, especially when dealing with local breeds of domestic species, phenotypes for particular important traits may be available, and then they may be also taken into account when optimizing the creation of the synthetic population. These scenarios were considered by Fernández et al. (2014) who investigated, through computer simulations, the consequences of different strategies based on genomic information to create synthetic populations, in terms of the level of captured diversity and the phenotypic level for a particular trait of interest. They showed that it is possible to find a compromise between the diversity stored and the trait phenotypic level. Higher diversity levels (or higher phenotypic means at the same level of diversity) were achieved when optimizing rather than equalizing the contributions of the source populations. The higher the number of SNPs, the better were the results. However, in practical terms, 1,000 SNPs were enough to obtain improvements over the reference scenario of equalizing contributions. Another relevant observation was that the results were similar when using candidate or population values, provided that global population measures are obtained from a large number of markers.
Maintaining Genetic Diversity
Nowadays it is accepted that the most efficient methods to control the loss of genetic diversity and the increase of inbreeding are the Optimal Contributions (OC) methods (Woolliams et al., 2015 and references therein). These methods optimize the contributions (i.e., number of offspring) of candidates to minimize coancestry and therefore to minimize the loss of diversity from one generation to the next. Thus, their central element is the coancestry matrix (matrix of coancestry coefficients) involving the potential parents of the next generation. Although traditionally coancestry coefficients have been computed from pedigree data, they are now being replaced with coefficients based on molecular data given the potential of the latter to lead to higher levels of diversity maintained (de Cara et al., 2011; Gómez-Romano et al., 2013) . When molecular f replaces pedigree-based f in the management of populations, its efficiency depends on the linkage disequilibrium (LD, the non-random association of alleles at different loci) that exists between markers and the loci in the ge-
nome where diversity needs to be maintained. In turn, LD depends on marker density and the effective population size (N e ). In fact, lower levels of diversity were maintained through OC management when using lowdensity marker panels than when using pedigree-based f (Fernández et al., 2005) , but higher levels were achieved when f was computed from dense SNP panels (de Cara et al., 2011) . With thousands of SNPs, it is very likely that each locus where diversity needs to be maintained is in LD with at least one of the SNPs in the panel and, thus, the efficiency of the markers in the maintenance of diversity is high (Gómez-Romano et al., 2013) . When developing new SNP chips, it is important to determine in advance the order of magnitude of the number of markers necessary to achieve the specific objective considered. For instance, if the objective was simply to assign parentage, the density required would be much less than if the objective is to obtain genomic estimates of breeding values for traits of interest. In practice, in conservation programs, it is valuable to know the SNP density required to obtain at least the same diversity level than that obtained when pedigree information is used in population management. Gómez-Romano et al. (2013) showed that a density of 3N e SNPs/Morgan is enough for maintaining the same amount of genetic diversity using genomic f than that maintained using pedigree-based f. This figure is well below the density of the commercial SNP chips currently available, which have been mainly developed for farm animal species.
de Cara et al. (2011) and Gómez-Romano et al. (2013) showed that the most powerful strategy to maintain neutral genetic diversity was to minimize the genomic f computed on a SNP-by-SNP basis (i.e., f SNP ). However, this strategy also leads to the accumulation of deleterious variants in the genome and, thus, to a decrease in population's fitness (de Cara et al., 2013a (de Cara et al., , 2013b . Using computer simulations, it has been shown that the use of f calculated from long shared segments (i.e., f SEG ) in the optimization of contributions provides a good compromise between maintaining neutral variation and fitness levels (de Cara et al., 2013a) . A drawback when calculating f SEG is that SNP haplotypes (sets of SNPs on a single chromatid of a chromosome) rather than simply genotypes need to be known. However, efficient computational methods are currently available to infer haplotypes from genotype data (Browning and Browning, 2011) , and simulation results have shown that using these estimates for computing f SEG does not lead to any loss in the diversity maintained (when compared with using the true haplotypes) even when the size of the population is very small (Gómez-Romano et al., 2014a).
Control of diversity in specific genomic regions
An advantage of using genomic coancestry coefficients is that they permit us to investigate patterns of diversity across the genome and also to focus the genetic management on maintaining diversity at specific genomic regions. This is of interest because diversity would be already particularly low in some regions due to previous selection or genetic drift and there would be also regions harboring genes that are known to provide higher fitness to individuals with higher levels of diversity. However, management directed exclusively to the minimization of the loss of diversity in particular regions would lead to an increased loss in the rest of the genome (Roughsedge et al., 2008) . Gómez-Romano et al. (2014b) has recently shown that the OC method is very efficient in maintaining (or even increasing) diversity in specific regions of the genome when using semidefinite programming and a coancestry coefficient computed using the SNPs mapped on those regions. The method is also efficient in restricting the loss of diversity in the rest of the genome. However, although the level of diversity kept in the rest of the genome is higher when including a restriction on the rate of coancestry in the optimization procedure, the observed coancestry rate exceeded the value of the restriction. In the context of artificially selection programs, Roughsedge et al. (2008) also showed a clear discrepancy between the observed and expected rates of molecular inbreeding. These results have led to the conclusion that it is necessary to refine the theory of genetic contributions when using genomic matrices to ensure that restrictions are properly considered in the model.
Maintaining the Genetic Structure of Populations
Although OC methods using molecular measures of relationships lead to high levels of diversity (de Cara et al., 2011; Gómez-Romano et al., 2013) , they also lead to the equalization of allelic frequencies given that heterozygosity is maximal at intermediate frequencies (Fernández et al., 2004) . This change in the genetic structure of populations may be undesired as it can be argued that a conservation program should preserve genetic variation as closely as possible to that of the original population given that actual population frequencies are the result not only of genetic drift, but also of previous natural or artificial selection processes (Saura et al., 2008) . If deleterious mutations maintained at low frequencies in natural populations increase in frequency as a consequence of the management though OC methods, the reproductive performance of the population may be affected (de Cara et al., 2013b) . For domestic animal species, it may also be desirable that certain characteristics previously selected for are maintained under relaxed selection during a period of conservation.
To cope with this problem, Saura et al. (2008) suggested optimizing contributions for minimizing the difference between frequencies in the parental and offspring generations. Their study was based on computer simulations using a limited number (up to 100) of microsatellite-like markers. Dense panels of SNPs allow a reduced distance between markers and the rest of loci in the genome and, consequently, an increased LD between them. Therefore, it is expected that using genotypes from dense enough panels will improve the ability for controlling the frequencies at each loci through the optimization of contributions.
Eliminating Foreign Alleles
Another application of genomic data is in populations where its original genetic pool is threatened by the introgression of exogenous information. This could be the case of populations of local breeds that have been often crossed with economically superior mainstream breeds or of populations that have been crossed because of genetic rescue needs. The loss of the original genetic variants may lead to the loss of local adaptations or valuable disease resistance or quality characteristics. Thus, in such scenarios, a reasonable objective is to recover the original configuration by removing the genetic contributions from foreign breeds (Wellmann et al., 2012) . The basic approach is to detect individuals with a higher proportion of genome coming from foreign founders and reduce (or avoid) their contribution to the next generation. Following that rationale, Amador et al. (2011 Amador et al. ( , 2013 Amador et al. ( , 2014 showed that the recovery of the genetic background may be conducted by minimizing the coancestry between breeding candidates and the (known) exogenous individuals introduced to the population. When using genomic coancestries, Amador et al. (2013) obtained up to 15% more of the native genome recovered than when using pedigree-based coancestries.
Another appealing approach is to use haplotypes of contiguous-linked markers given that it could be argued that the aim of the introgression process Jan. 2016, Vol. 6, No. 1 should be to maintain combinations of alleles across loci rather than alleles at single loci. Amador et al. (2014) proposed to use the haplotypic frequencies in both the native and the introgressed breeds. Each haplotype has to be classified as native or foreign depending on its frequency in the pure populations. Then, the proportion of native genome of an individual is calculated as the number of haplotypes assigned as native divided by the total number of haplotypes. Using real genotypes from the OvineSHP50 BeadChip for pure Merino and Poll Dorset sheep populations and assuming that Merino was the native breed, they observed almost complete recovery of Merino background after some simulated generations. Using the strategy of minimization of coancestry between candidates and foreign individuals calculated from shared segments (i.e., f SEG ) could improve these results as these segments are defined in a dynamic way rather than having a fixed length or position across the genome.
Another proposed approach is to define the proportion of the genome of native origin as a continuous trait (0 and 1 being the values for the pure native and exogenous breeds, respectively) and predicting this breed identity through genome-wide evaluation. Using GBLUP on the same sheep populations, Amador et al. (2014) obtained the same degree of recovery than under the haplotype-based approach. The practical advantage of the GBLUP methodology is that reference populations do not have to be the pure populations although the actual native proportion has to be known.
It must be pointed out that deintrogression implies a bottleneck as a limited set of individuals will contribute. Therefore, methodologies to control the increase of the rate of inbreeding and the loss of general diversity should be implemented simultaneously. Genomic information may be also useful to accurately calculate the relationships between the candidates and perform an efficient control of inbreeding.
New Measures of Genetic Diversity

Haplotypic diversity
The results on genetic diversity reviewed so far have referred to EH and OH. However, another relevant measure is allelic diversity (AD) that is defined as the number of variants (i.e., alleles) in a particular locus, or averaged across loci. In fact, it has been claimed that levels of AD better reflects the long-term ability of a population to respond to natural or artificial selection (Vilas et al., 2015) . Therefore, it could be arguable that management strategies for conservation programs should be driven by AD. For example, the sampling design for establishing synthetic populations could be directed to generate the group with the highest AD instead of relying on coancestry for maximizing EH. As SNP markers are biallelic, genomic AD may be defined based on groups of markers (haplotypes) to assure higher degrees of polymorphism. The power and consequences of using AD as the leading criteria in the management of conservation programs needs to be further explored.
Genomic sequences
Next-Generation Sequencing (NGS) provides more precise information on the genome than that obtained from dense commercial SNP chips, as sequence data also contain rare variants (that can represent a high proportion of variability) as well as the causal mutations (MacLeod et al., 2014) . Next-Generation Sequencing methods (Metzker, 2010) have started to be applied in farm species such as poultry (International Chicken Genome Sequencing Consortium, 2004), cattle (Elsik et al., 2009) , and pigs as well as in wild species (Narum et al., 2013) . Although NGS techniques can increase rapidly the amount of SNPs available, the efficiency in maintaining diversity has diminishing returns when SNP density is already high (Gómez-Romano et al., 2013) . In parallel, a recent study indicates that there is no significant increase in the accuracy of genomic breeding values when sequence data instead of SNP chip data are used (MacLeod et al., 2014) . This can be due to the fact that LD between markers and the rest of loci in the genome is already high enough for obtaining further improvements in accuracy. In any case, the use of sequences allows us to detect structural variants (e.g., inversions, insertions, deletions, duplications, and translocations) that can be used in the characterization and conservation of genetic variability (Allendorf et al., 2010; Narum et al., 2013) and for detecting homozygosity regions with a higher accuracy (Bosse et al., 2012 ). An important advantage of sequence data is that they permit us to directly evaluate the polymorphisms present in coding regions and that can be related with selective processes.
Conclusions
In summary, the increasing availability of molecular information coming from the development of genomic techniques in all species is very valuable for developing new and powerful tools for managing populations subjected to conservation programs. Although there are still issues to be resolved on the implementation of genomic tools before they can be widely used in conservation programs, it is clear that molecular information coming from the massive genotyping of SNP markers can replace pedigree information in several steps of the conservation process. In the end, genomics can be very useful to achieve the final objective of preserving endangered populations.
Definitions
• Allelic diversity
Average number of alleles segregating in the population
• Heterozygosity
The presence of different alleles at one or more loci on homologous chromosomes
• Expected heterozygosity
Heterozygosity that the population would have if it were in Hardy-Weinberg equilibrium
• Genomic SNP-by-SNP inbreeding Proportion of the genome that is homozygous; i.e., the proportion of homozygous SNPs 
